Abstract: Graphene (graphene) is a new type of twodimensional inorganic nanomaterial developed in recent years. It can be used as an ideal inorganic nanofiller for the preparation of polymer nanocomposites because of its high mechanical strength, excellent electrical conductivity and plentiful availability (from graphite). In this review, the preparation methods of graphene/polymer nanocomposites, including solution blending, melt blending and in situ polymerization, are introduced in order to study the relationship between these methods and the final characteristics and properties. Each method has an influence on the final characteristics and properties of the nanocomposites. The advantages and disadvantages of these methods are discussed. In addition, a variety of nanocomposites with different properties, such as mechanical properties, electronic conductivity, thermal conductivity and thermal properties, are summarized comprehensively. The potential applications of these nanocomposites in conductive materials, electromagnetic shielding materials, photocatalytic materials and so on, are briefly presented. This review demonstrates that polymer/graphene nanocomposites exhibit superior comprehensive performance and will be applied in the fields of new materials and novel devices. Future research directions of the nanocomposites are also presented.
Introduction
In recent decades, polymer nanocomposites, which refer to the size of the dispersed phase being less than 100 nm, have been paid much attention in the field of materials science. A variety of nanocomposites have been developed by blending nanoparticles with polymer matrixes. Nanoparticles, such as carbon nanotubes and nano silica, can exhibit their own nanometer-size effects and endow the polymer matrix with excellent mechanical properties, thermal properties, electronic performance and so on. At the same time, they also can maintain the good processing property, light weight and favorable stability of the polymer substrates [1, 2] . Because of its excellent mechanical, electrical and thermal performance, graphene, since its discovery, has been considered an ideal inorganic nanofiller for the preparation of polymer nanocomposites. Recently, there have been some reports that the performance of polymer/graphene nanocomposites is comparable to or even better than those of nanocomposites made of polymer and carbon nanotubes. Therefore, the development of new polymer/graphene nanocomposites and how to improve their physical properties have become the hottest topics in the research field of polymer/ graphene nanocomposites [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Preparation methods
Because it does not contain any active groups, the surface of graphene is inert and the force acting between the polymer matrix and graphene is weak. It causes some difficulties in processing, and hence graphene is modified through oxidization to convert it into graphene oxide (GO). However, because of the large number of hydrophilic groups on the surface of GO, most hydrophobic polymers are incompatible with it. Therefore, surface modification of graphene and GO is an important method for the preparation of polymer/graphene nanocomposites with excellent performance. The critical step is to disperse graphene in the polymer matrix. Good dispersion can ensure that the contact interface between the polymer matrix and graphene is maximized, thereby affecting the overall performance of the nanocomposites. Much effort has been made to disperse modified or unmodified graphene and GO in the polymer matrix evenly, achieving some good results. So far, most polymer/graphene nanocomposites have been mainly prepared by the following methods: (1) solution blending, (2) melt blending, and (3) in situ polymerization [14] .
Solution blending
In this method, the chemically or thermally reduced GO can be well dispersed in organic solvents because of the presence of oxygen-containing groups which are not removed completely. Therefore, solution blending is the most extensive method for the preparation of polymer/ graphene nanocomposites. There are three steps involved in solution blending. First, graphene is dispersed in a suitable organic solvent under sonication. Second, the polymer is added to the solvent and dissolved. Third, the solvent is removed. Solution blending has been reported for the preparation of a variety of polymer/graphene composite materials, such as Nafion composites [15] [16] [17] [18] , polystyrene (PS) composites [19] [20] [21] [22] [23] , polyurethane composites [24] [25] [26] , poly(methyl methacrylate) (PMMA) composites [27] [28] [29] [30] [31] , polyethylene composites [32] [33] [34] [35] and so on. This method is simple and effective. It can be predicted that many new polymer/graphene nanocomposites will be prepared via solution blending in the future.
This method can be modified or improved. For example, an effective route for synthesizing poly(3-hexylthiophene) (P3HT)-coated GO (P-GO) based on an ethanol-mediated mixing and solvent evaporation was reported by Zheng et al. [36] P-GO exhibited good dispersibility in the nonpolar solvent o-dichlorobenzene (DCB), allowing the preparation of polymer nanocomposites via solution blending. The fabrication procedure of the P3HT/ GO dispersion in DCB by the ethanol-mediated mixing method is shown in Figure 1 . The resulting solar cells exhibited ~18% improvement in power conversion efficiency in the presence of P-GO, and the method described here can be applied for a range of applications where polymer/GO sheets are required.
It is noteworthy that much attention has been given to make graphene disperse uniformly in the polymer matrix for this method. For instance, graphene in the form of chemically reduced GO (r-GO) was homogeneously dispersed in organic media by Zhang et al. [37] without the addition of complex dispersing agents or the need for functionalization of the starting GO. Aqueous colloids of GO sheets were synthesized in an alkaline solution. By using NaCl as flocculant, the resultant r-GO aggregates could be easily redispersed in appropriate organic media as individual nanosheets with the aid of sonication, which is a facile and economical approach for the large-scale production of graphene dispersions in organic solvents with high concentrations. The homogeneous graphene organic dispersion facilitates solution processing for incorporating graphene materials into novel composites and other applications.
However, it should be noted that the used organic solvents are commonly adsorbed between the graphene layers, which adversely affects on the performance of the nanocomposites. Some polar and nonpolar solvents adsorbing between the graphene layers were studied systematically through solid-state NMR (nuclear magnetic resonance) and elemental analysis by Barroso et al. [38] They demonstrated that all tested solvents were inserted into the graphene layers and it was difficult to remove the solvents completely even at high temperatures. This is a shortcoming of the solvent blending method. The composition of GO and that of the retained-solvent/GO showed changes in the C/O ratio, as shown in Table 1 . It was more evident in the aromatic and alcohol series. Chlorobenzene was the most retained of all chloride solvents, followed by dichloromethane, chloroform and carbon tetrachloride. The retained solvent molecules were also detected by solid-state 13 C NMR, as shown in Figure 2 .
Heating (105°C) Figure 1 : Schematic of the fabrication process for preparing P3HT/GO (DCB) dispersions by ethanol mediated mixing and evaporation [36] .
NMR experiments confirmed the presence of solvents within the GO layers after drying procedures, demonstrating that a strong adsorption took place in these graphitic materials. On the other hand, the poorly retained CCl 4 (0.6 molecule per 100 GO-carbon atoms) did not appreciably change the basal spacing of GO, as confirmed by X-ray diffraction (XRD) experiments. This could be due to the fact that the molecular diameter of CCl 4 (5.37-5.42 Å) was much larger than the spacing between the GO layers (4.1 Å, in Figure 3 ), thus preventing the entry of CCl 4 into the GO galleries. Besides, solution blending is not environmentally friendly because large quantities of organic solvents need to be used in the preparation when the process is used for industrial production. The use of organic solvents also boosts the production cost. Therefore, this method is not [38] .
common for the large-scale production in the industry, as compared to the melt blending method.
Melt blending
Compared to the other methods, melt blending is more attractive for the preparation of commercial products because it is more convenient and more environmentally friendly because of the nonuse of organic solvents. For this method, the polymer and graphene are directly mixed in a twin-screw extruder, and then the parameters of the extruder screw, including the screw speed, temperature and blending time, are adjusted. The nanocomposites currently reported by this method include those of graphene with polyurethane, polypropylene (PP), poly(ethylene terephthalate), PS, poly(ether ether ketone), styrene-ethylene/butylene-styrene triblock copolymer and so on [39] [40] [41] [42] [43] [44] .
The downside of this approach is that the density of graphene becomes very small after GO is thermally reduced. It leads to difficulty in feeding and poor dispersion of graphene in the polymer matrix, which will make the mechanical properties and other performance parameters poorer. Therefore, the polycarbonate/graphene (PCG) nanocomposites containing 3.0 wt% thermally reduced graphene (TRG) were first prepared by solution mixing and subsequently by melt mixing [45] . The procedure for the preparation of PCG nanocomposites is given in Figure 4 . The dried, premixed composites were meltmixed at 240°C in a mini laboratory extruder for different times of 0, 5, 10, 20 and 30 min, and the prepared PCG composites were coded as PCG0, PCG5, PCG10, PCG20 and PCG30, respectively. Transmission electron microscopy (TEM) observations ( Figure 5 ) showed that the morphology of pristine TRG and TRG0 was similar, and no obvious characteristic or peculiar distribution could be observed, suggesting that that no PC chains were adsorbed on the surface of TRG. However, when the melt-blending time was increased from 10 to 30 min, the number of dark elliptical spots on the TRG30 surface also increased. These spots should be the wrapped PC domains, which were mostly formed during the meltblending process, as indicated in the Fourier transform infrared (FT-IR) spectra. The transesterification between the carbonate groups in PC and TRG is one possible mechanism for the enhanced interfacial interaction.
Shown in Figure 6 are the proposed schematic diagrams of the formed chemical bonding between PC and TRG, where the carboxyl groups on TRG sheets could react with the carbonate groups of PC through transesterification during melt blending. In general, without the use of solvents, melt blending method is not only environmentally friendly but also simple and economical. It has been widely used for the fabrication of polymer nanocomposites. Especially, this method is often preferred by many polymer manufacturers for commercial production. However, the high temperature required to achieve a homogenous mix can lead to occasional degradation of the polymer, therefore requiring care during the compounding process.
In situ polymerization
In this method, the monomer or prepolymer is mixed with graphene, sometimes in a suitable solvent, and then polymerization is carried out. The surface of the chemically or thermally reduced GO contains some functional groups that can be directly connected to the polymer. These groups can also be used as the reaction points of graphene for further modification, such as being covalently grafted on polymer chains by atom transfer radical polymerization (ATRP) [46] [47] [48] [49] [50] . There have been many reports of polymer/graphene nanocomposites prepared by in situ polymerization. The polymers that were used as the matrix included polyurethane [51] [52] [53] [54] , PS [55, 56] , PMMA [57, 58] , epoxy resin [59] [60] [61] , poly(lactic acid) [62] , poly(vinyl alcohol) (PVA) [63] and so on. An in situ polymerization step combined with chemical grafting modification for preparing poly(vinyl alcohol)-grafted graphene oxide/poly(vinyl alcohol) (PVA-g-GO/PVA) nanocomposites has been reported [63] . First, poly(vinyl acetate)-grafted graphene oxide/poly(vinyl acetate) nanocomposites were prepared, and then the PVA-g-GO/ PVA nanocomposites were obtained through alcoholysis. The procedure for the preparation is shown in Figure 7 . The grafting ratio of PVA chains on PVA-g-GO sheets could reach about 24 wt%. The PVA-g-GO sheets not only showed excellent dispersion and compatibility with the PVA matrix but also formed strong interfacial interactions with the PVA chains of the matrix. As shown in Figure 8 , the grafted polymer on the surface of PVA-g-GO sheets could form a flexible inter-phase between the PVA matrix and PVA-g-GO sheets to provide a convenient path to ensure effective load transfer from the PVA matrix to the PVA-g-GO sheets.
The advantage of in situ polymerization is that a strong interfacial interaction is formed between the polymer and graphene. It is not only advantageous to the stress transfer but also can make graphene to disperse evenly in the polymer matrix. However, the viscosity of the system will usually increase during polymerization, which can cause some problems to the subsequent processing and material-forming. However, the research on the nanocomposites fabricated via in situ polymerization should not be limited to the final morphology, structure and performance. The effect of graphene on the polymerization or the curing reaction should also be taken into account. There have been a few reports on how the addition of graphene would change the polymer's molecular weight during the polymerization.
In general, graphene is dispersed in the monomer first. On initiation of the reaction, the monomer present in and out of the interlayers polymerizes to generate the nanocomposite. Because the control of the polymerization in and out of the graphene layers is difficult and high levels of exfoliation cannot be achieved for the large-scale production, this method is still not applied in the industry.
In addition to the common methods introduced above, there are some novel approaches for the preparation of polymer/graphene nanocomposites. For instance, in the study of Li et al. [64] , macroscopic graphene-wrapped melamine foams (MF-G) were fabricated by an MF-templated layer-by-layer (LBL) assembly using GO as building blocks, followed by solution-processed reduction. By concisely duplicating the sponge-like, highly ordered three-dimensional architectures from MF, the resulting MF-G with an interconnected graphene-based scaffold and tunable nanostructure was explored as compressible, robust electrodes for efficient energy storage. A thin layer of pseudocapacitive polypyrrole (PPy) was then attached and uniformly coated on MF-G, resulting in a well-defined core-double shell configuration of the MF-G-PPy ternary composite sponges. The as-assembled devices exhibited enhancement of supercapacitor performance, with a high specific capacitance of 427 F · g −1 under a compressive strain of 75% and excellent cycling stability with only 18% degradation after 5000 charge-discharge cycles. Besides, the MF-G-PPy electrode maintained stable capacitance up to 100 compression-release cycles, with a compressive strain of 75%. These encouraging results thus provide a new route toward low-cost and easily scalable fabrication of lightweight and deformation-tolerant electrodes.
Polyaniline hollow spheres (PANI-HS)@electrochemi-cally reduced graphene oxide (ERGO) hybrids with coreshell structures were fabricated via a solution-based co-assembly process by Fan et al. [65] . The hollow nanostructured design of PANI-HS greatly enlarges the specific surface area, providing high electroactive regions and short diffusion lengths for both charge and ion transport. The wrapping of the ERGO sheets on PANI-HS can offer highly conductive pathways by bridging individual PANI-HS together, thus facilitating the rate and cycling performance of supercapacitors. The greatly enhanced electrochemical performance can be ascribed to the synergic effects of the two components of PANI-HS and ERGO, suggesting that PANI-HS@ERGO hybrids as novel electrode materials may have potential applications in highperformance energy storage devices.
Nanocomposite performance
Many nanocomposites of polymers and carbon nanotubes have been studied in order to develop and utilize their excellent mechanical properties or to introduce some new properties to the polymer matrix such as electrical and thermal conductivity. However, there still existed some problems, although many studies were focused on these materials. Compared to carbon nanotubes, graphene is more suitable for the nanocomposite system because of the structure and function of graphene. This is because graphene has a larger specific surface area, stronger interface binding force and excellent physical properties compared to carbon nanotubes.
Mechanical properties
Young's modulus of ideal graphene can be up to 1 TPa and the fracture strength up to 130 GPa [66] . Young's modulus can go up to 250 GPa for modified graphene and r-GO, which are commonly used in the preparation of nanocomposites [67, 68] . It is 2-3 orders of magnitude higher than that of the general polymer. Therefore, the mechanical performance of the polymer can be effectively enhanced by the incorporation of graphene, as shown in Table 2 [69] . The table also lists the mechanical properties of graphene/polymer nanocomposites and the percentage enhancements with respect to the base matrix. The tensile strength increase varies. For instance, the enhancement in tensile or yield strength is 26.7-45.5% for PVA/GO, 18.8-34.4% for poly(vinyl chloride) (PVC)/graphene and 0.7-37.0% for PBS/GO, with different graphene contents. At the same time, the percentage enhancement in the elastic modulus is 31.1-224.4% for PVA/GO, 7.8-31.1% for PVC/graphene and 15.6-38.1% for PBS/GO. This variation is mostly due to the structure and intrinsic properties of graphene, its surface modifications, the polymer matrix and also different fabricating processes.
Studies on the mechanical properties of polymer/graphene nanocomposites indicated that Young's modulus of polymer usually increased with increasing the content of graphene, while the rate of increase varied with different polymer substrates. For example, the addition of TRG of ~0.1 wt% in the epoxy resin system made Young's modulus to increase by 31% [59] . Molecular models for graphene-reinforced polymer nanocomposites were developed to study the enhanced mechanical properties due to the incorporation of graphene as reinforcement [70] . Young's modulus and shear modulus of the nanocomposites were evaluated by the constant strain method. Molecular dynamics simulation results showed that Young's modulus increased by 150%, the shear modulus by 27.6% and hardness by 35% for the polymer nanocomposites. In addition, it was found that the average friction coefficient decreased by 35% and the abrasion rate by 48%. King et al. [71] fabricated neat aerospace epoxy and 1-6 wt% of two different types of graphene nanoplatelets (GNPs, xGnP ® -M-5 and xGnP ® -C-300) in epoxy composites. These materials were tested for their tensile properties using typical macroscopic measurements. In addition, nanoindentation was used to determine the modulus and creep compliance. These macroscopic measurements showed that the tensile modulus increased from 2.72 GPa for the neat epoxy to 3.35 GPa for 6 wt% (3.7 vol%) xGnP ® -M-5/epoxy composite and 3.10 GPa for 6 wt% (3.7 vol%) xGnP ® -C-300/epoxy composite. The modulus results from nanoindentation followed this same trend.
As expected, the enhancement effect of graphene on the polymer matrix was significant because of the low modulus of the polymer. Many studies also proved that the strength of polymer increased with the addition of graphene. Fang et al. [72] added 0.6 wt% modified graphene in the epoxy resin, which made the fracture strength to increase by 91.5%. There was another study indicating that the strength of Nylon-6 fiber increased by 210% with adding only 0.1 wt% graphene [73] . This work was carried out to compare graphene with carbon nanotubes in the enhancement of the polymer properties [59, 60] . It was demonstrated that enhancement effect of graphene was markedly better than that of carbon nanotubes. The better enhancement effect was attributed to the larger surface area and larger aspect ratio of graphene. It is worth noting that thermally reduced GO was used in this study and that the fold defects existing on the surface of graphene did not always affect the improvement of the mechanical performance. In addition, a similar result was obtained by Kim et al. [39] who compared thermally reduced GO with the chemically reduced one for the enhancement effect on the polymer. Mechanical properties of graphene/epoxy nanocomposites were also investigated by Lee et al. [74] . In their study, pristine graphene and functionalized graphene were used as nano-reinforcement in the nanocomposites. From mechanical testing, they demonstrated that the nanocomposites with functionalized graphene exhibited better mechanical properties than with pristine graphene. The fracture toughness and tensile strength of the nanocomposites attained peak values when the functionalized graphene loading was 0.1 wt%. The effects of the functional groups on the mechanical properties of the nanocomposites were elaborated using molecular dynamics simulation. It was revealed that the interfacial thermal conductance and normalized interaction energy increased between the functionalized graphene and epoxy matrix, which may be responsible for the enhanced mechanical properties in the functionalized graphene/ epoxy nanocomposites.
In addition, some new methods and techniques were reported for the reinforcement of polymer/graphene nanocomposites. An efficient and new method was reported to functionalize GO nanosheets with hyperbranched polysiloxane and compound them with dicyclopentadiene bisphenol dicyanate ester resin to prepare nanocomposites successfully [75] . The effects of functionalized GO on the mechanical properties of dicyclopentadiene bisphenol dicyanate ester resin were investigated systematically. Compared to those with pure dicyclopentadiene bisphenol dicyanate ester resin, the impact and flexural strengths of the nanocomposites were improved markedly with up to 60% and 47%, respectively. GNPs were functionalized by an efficient method to improve the mechanical performance of the epoxy resin [76] . In this study, GNPs were first functionalized with the deposition of a polydopamine coating (PDA-GNPs) through a simple dip-coating procedure. Second, using PDA as a bridge, the PDA-GNPs were modified with amine groups after polyetheramine T403 grafting (T403-PDA-GNPs), and then the epoxy nanocomposites were fabricated. The tensile strength was significantly improved by 34.5% after the epoxy resin was added with 0.1 wt% T403-PDA-GNPs. The evaluation of the impact strength of the nanocomposites also indicated that it was improved by 64.5% with the addition of T403-PDA-GNPs. Hybrid films of poly(ethyl acrylate)-g-GO were prepared with the Ce(IV)/HNO 3 redox system in aqueous solution [77] . The results of strength testing indicated that the fracture stress of the film was significantly improved to 83.92 MPa when the content of the polymer was about 3.46 wt%. It was because its unique composite microstructures obtained were similar to the brick-and-mortar system in natural nacre.
It is also worth mentioning that Rajesh et al. [78] studied the effect of temperature on the mechanical properties and stability of interface of the GO-filled epoxy nanocomposite. Flexural testing was performed at various temperatures in the range −80 to +90°C. It was demonstrated the nanocomposite exhibited superior flexural strength at -80°C, which was 82% higher than that of the neat epoxy. The improvement was due to the effective stress transfer because of the mechanically gripped interface. The influence of the interface on the overall mechanical properties of the nanocomposite was evaluated by microscopic characterization.
Significantly, in the study of Zhang et al. [79] direct reduction of GO in water in the presence of acid-treated multiwalled carbon nanotubes (t-CNTs) resulted in a homogeneous dispersion of r-GO and t-CNT hybrids. The three-dimensional r-GO/t-CNT hybrids (abbreviated as G-CNT hybrids) possessed unique properties, making them ideal reinforcing fillers for polymer nanocomposites. PVA composite containing G-CNT hybrids was then prepared by a simple water-casting method. Because of the synergistic interaction of the two kinds of nanofillers, the tensile strength and Young's modulus of the resulting PVA nanocomposite filled with only 0.6 wt% G-CNT hybrids were significantly improved by about 77% and 65%, respectively. These results indicate that the nanohybrids are well dispersed throughout the PVA matrix and form strong interfacial interactions with the matrix. The work provides a new method for the preparation of hybrid carbon nanomaterials with unique structure and excellent properties for fabricating high-performance polymer nanocomposites.
All these results indicate that the mechanical performance of polymers can be effectively improved when nanocomposites are prepared by the incorporation of graphene as reinforcement.
Electrical conductivity
Conducting polymer nanocomposites can be developed by introducing conductive nanofillers into the polymer matrix. They show a certain electrical conductivity that increases nonlinearly with the increase of the nanofiller content. When the content reaches more than the percolation threshold, the nanofillers can form a conductive network in the matrix, making the electrical conductivity of the nanocomposites to increase dramatically. Therefore, graphene can serve as an ideal inorganic phase for the preparation of conductive nanocomposites because of its good conductivity and suitable aspect ratio. Conductive polymer nanocomposites based on graphene were fabricated for the first time by Stankovich et al. [80] . GO was first modified with isocyanate and then was reduced by hydrazine hydrate, making graphene to exhibit good electrical conductivity and excellent dispersity in organic solvents. Subsequently, the graphene obtained was added into PS to develop the nanocomposite material through solution blending. It was shown that the value of the percolation threshold was only 0.1 vol%, which is close to the minimum value of the single-walled carbon nanotube. And the conductivity of the nanocomposite could reach 1 S/m when the graphene content increased to 1 vol%. A thermally annealed hybrid made of GO sheets and modified ZnO whiskers with good electrical conductivity was prepared and then incorporated into the epoxy [81] . The electrical conductivity of the epoxy efficiently improved to 27.2 S/m with 65 vol% hybrid. It indicated that an electrically conducting network was formed in the polymer matrix. The excellent electrical conductivity was due to the efficient conductance pathways formed by the skeleton of ZnO whiskers and the enhanced phonon and electron transfers by GO sheets. PVA was successfully combined with GO and r-GO to make nanocomposites by Niyitang and Hae [82] . Table 3 shows the resistivity of the films of PVA, PVA-GO and PVA-r-GO nanocomposites. Three films of the same length (0.01 m) and same width (0.008 m) were prepared, and the obtained resistivity was 19 (PVA), 13 (PVA-GO) and 1.6 Ωm (PVA-r-GO), respectively. The PVA-r-GO film showed the lowest resistivity, implying the highest conductivity of 0.625 (Ωm) ) films. The value of the percolation threshold is related not only to the aspect ratio and the surface modification of graphene but also to the preparation methods and the kind of polymer matrixes. The values of the percolation threshold of different polymer nanocomposites via the different preparation methods were compared [14] . It was found that the percolation threshold was low if the nanocomposites were made with the chemically reduced GO and via solvent blending. When the nanocomposites were prepared with thermally reduced GO and via melt blending, the percolation threshold was much higher. On an average, the nanocomposites fabricated through solvent blending exhibited the lowest percolation threshold, followed by the ones made by in situ polymerization. It was because these two methods could make the dispersion of graphene to be more uniform. From their comparison, the percolation threshold of in situ polymerized composites was higher. It was maybe because the polymer was better coated on the surface of graphene with this method, which hindered the contact of the graphene layers.
Many experiments have shown that the electrical conductivity of graphene/polymer nanocomposites is strongly dependent on the loading frequency, but few theories seem to be able to address the continuous influence of frequency. A new effective-medium theory was presented by Xia et al. [7] . The theory was formulated in the context of complex conductivity under harmonic loading. It was indicated that the calculated conductivity and permittivity were in close agreement with the reported experimental data over the frequency range 102-107 Hz. It was also found that the electrical conductivity tended to increase with frequency, whereas the dielectric permittivity tended to decrease. At low frequency, the properties were dominated by the content of the fillers, but the loading frequency was the dominant factor at high frequency.
In addition, tunneling is a possible mechanism to explain the apparent large electric conductivity and nonlinear electric behavior of graphene-reinforced nanocomposites with the polymer matrix. A numerical modeling framework was proposed to evaluate the electric conductivity of polymer/graphene nanocomposites, and the electrical tunneling effect was taken into account [83] . Nonlocal and nonlinear effects were introduced by the tunneling effect conduction model within the polymer Table 3 : Resistance, resistivity, and conductivity of the samples [82] .
Composites (films)
Length ( matrix between close graphene sheets. A highly conducting surface model was employed to avoid meshing the thickness of the graphene sheets. The computed effective conductivity was studied over representative volume elements containing arbitrarily distributed graphene sheets. It was demonstrated that tendencies and percolation thresholds were in qualitative agreement with the available experimental results.
Thermal conductivity
The thermal conductivity of polymers is poor, and graphene is thought to be an effective filler to improve it. Much work has been done and positive results achieved. It was reported by Fang et al. [20] that the thermal conductivity of PS increased with the addition of the PS-grafted graphene. Their study showed that the conductivity improved from 0.158 to 0.413 W/m · K when 2 wt% modified graphene was added. A new functionally reduced graphene oxide (F-rGO) was fabricated through the modification of GO by an organic phosphorous compound [84] . It exhibited better thermal stability and could be used as a nanofiller to improve the thermal conductivity of the epoxy. After being filled with F-rGO, the thermal conductivity of epoxy increased by 30.8%. The high-conductivity polymer composite films filled with GNPs were prepared by a solvent-free melting process [85] . The excellent dispersion of GNP fillers in the composite films was observed using X-ray micro-computed tomography (μ-CT). This was also confirmed by the experimentally determined thermal conductivity values of the composite films. It was well consistent with the theoretical calculations obtained with the Mori-Tanaka method. The composite films exhibited in-plane thermal conductivity of 7.1 W/m · K when they contained 20 wt% GNP fillers. A graphene platelet/silicone rubber (GPL/SR) nanocomposite was made as a drag reduction material [86] . Tests of the thermal conductivity and tensile properties showed that the thermal conductivity of all three GPL/SR materials of 0.17, 0.33 and 0.67 wt% graphene were 20%, 40% and 50% higher than that of the pristine SR, respectively. Droplet velocity testing, which can reflect the drag reduction mechanism of the heating boundary controlled by the GPL/SR composite, was performed.
In addition, a small quantity of GNPs was introduced into PS to prepare the PS/GNP composites. Highly enhanced thermal conductivity was achieved, and the conductive mechanisms of the composites were discussed using two different analytic models. The thermal conductivity of the PS/GNP composites was compared with the those of other polymer composites, as shown in Table 4 [22]. From Table 4 , it is clearly seen that the PS/GNP composites prepared in the work exhibit much higher enhancement in the thermal conductivity at similar filler concentration.
Compared to electrical conductivity of polymer/ graphene nanocomposites, the thermal conductivity of the nanocomposites was found to be poorer. Different from electrical conductivity, good thermal conductivity requires a very strong binding force between the polymer and the filler. Therefore, there were some advantages in the thermal conductivity of nanocomposites made by in situ polymerization. The thermally conductive polyamide-6/r-GO (PA6-RGO) nanocomposite was synthesized by in situ ringopening polymerization reaction [87] . The generated polyamide-6 (PA6) chains were covalently grafted onto GO sheets through the "grafting to" strategy. At the same time, RGO was obtained from GO with the thermal reduction reaction. The homogeneous dispersion of RGO sheets in PG composite favored the formation of the consecutive thermal conductive paths or networks at a relatively low GO sheets loading, which improved the thermal conductivity from 0.196 W/m · K of neat PA6 to 0.416 W/m · K of nanocomposite with only 10 wt% GO sheet loading.
Thermal properties
Many studies have also been carried out regarding the effect of graphene on the thermal properties of polymers, such as the thermal stability, glass transition temperature (T g ), melting temperature (T m ) and crystallization. The application of polymers is usually limited to the lower thermal decomposition temperature, compared to ceramics and metals. The thermal decomposition behavior of polymers is usually studied from the following aspects: (1) the initial decomposition temperature, corresponding to the temperature at which polymers start to decompose; (2) the decomposition temperature corresponding to the maximum decomposition rate of polymers; and (3) the decomposition rate. It was found that both the chemically and thermally reduced GO would improve the thermal stability of polymers, while there was no obvious influence on the thermal stability if unreduced GO was used.
The improvement of the thermal stability of the nanocomposites is attributed to the high specific surface area of graphene, good dispersion of graphene in the polymer matrix and the strong interfacial force between them. For example, chitosan/graphene composites were developed via solution casting [88] . The thermal stability and mechanical properties were assessed through thermogravimetric analysis and a universal testing machine, respectively. The results indicated that the nanocomposite with porous graphene exhibited better thermal properties (6% lower weight loss) along with improved (21%) tensile strength, which may be due to the enhanced interfacial interactions between the mesh-like porous graphene and chitosan.
Significantly, in order to study the effect of different fillers in different thermoplastic matrixes, three different thermoplastic polymers (a polyolefin, a copolymer and an elastomer) were chosen to cover a wide range of thermoplastic materials. PP, acrylonitrile-butadiene-styrene and thermoplastic polyurethane (TPU) nanocomposites filled with 5 wt% of two different kinds of commercially available GNPs were prepared [89] . These composites were characterized in terms of their thermal properties, as shown in Table 5 . For the PP-based nanocomposites, the addition of GNPs produced by Abcr with a thickness of 6-8 nm × 5 μm wide (GAbcr) and GNPs produced by Cheaptubes with a plane dimension of 1-2 μm and thickness <4 nm (G4) led to an increase of more than 20°C of the temperature of at which 5% of weight loss (T 5 ) occurred. The increase of the temperature at which 50% weight loss (T 50 ) occurred was found to be 14°C for PP5GAbcr and 11°C for PP5G4 nanocomposites. However, the best improvement of the thermal stability was obtained by adding 5 wt% graphite flakes to the PP matrix, resulting in an increase of 31°C in T 5 and 18°C in T 50 , with the start of degradation at 421°C and T 50 at 462°C. A larger effect on the thermal stability was observed for graphite flakes, followed by GAbcr and G4, which suggests that the stabilization depends on the particle size. It can be inferred that thermal stabilization is more pronounced when the dimension of the nanofiller is higher because of the protection action, which can be attributed to a barrier effect implying a hindered transport of the degradation product from the condensed phase to the gas phase. In addition, impurities do not seem to play any important role in the thermal decomposition of the nanocomposites. On the other hand, for both acrylonitrile butadiene styrene-based and TPU-based nanocomposites, no significant changes were observed in the degradation temperatures for all the three different fillers (GAbcr, G4, and graphite), as is evident from Table 5 . It reveals that only for the PP-based nanocomposites a significant increase of the temperature of the maximum rate of thermal degradation occurred. In the case of the TPUbased nanocomposites, a two-step degradation process was found, which was not related to the presence of GNPs. It provides a guideline in the use of graphene for producing nanocomposite materials. Additionally, amorphous polymers exhibit a secondorder transition temperature, known as the glass transition temperature (T g ). When the environmental temperature reaches T g , polymers will change from a brittle solid state into an elastic solid state. Many studies have shown that T g could be improved greatly by adding graphene in polymers. It was reported that the incorporation of 0.05 wt% thermally reduced GO into PMMA increased T g by 30°C [27] . Graphene was grafted on PS for modification, and then was added into the PS matrix by Fang et al. [19] . Their result indicated that T g improved by 15°C when the content of the modified graphene was 12 wt%. Prasad et al. also showed that T g increased by 20°C when 10 wt% chemically reduced GO was added to PVA [90] . A solvent-free, liquid-like, nanocrystal-functionalized GO was successfully prepared by Li et al. [91] . Subsequently, it was incorporated into an epoxy matrix, and the results indicated that it could simultaneously improve the impact toughness and T g of neat epoxy by 138.12% and 33.05°C, respectively, at the 1.0 wt% fraction. The improvement of T g is attributed to the interaction between graphene and the polymer chains, which restricted the movement of the chain segment.
It was also demonstrated that the addition of exfoliated graphene would increase the crystallinity of the polymer. Reduced graphene/poly(vinylidene fluoride) nanocomposite films were prepared by the solution casting-thermal reduction process [92] . The results showed that with the presence of reduced graphene nanosheets in the nanocomposite, the structure of poly(vinylidene fluoride) tended to transform from the α-phase to the β-phase and the β-phase fraction and its crystallinity were largely affected by the reduced graphene content. However, there were different results reported on the effect of graphene on the polymer crystallinity. Liang et al. [93] found that the addition of GO to PVA did not have much influence on the crystallinity. It was also reported that chemically reduced GO could decrease the crystallinity of PVA when it was added into the polymer matrix [94] . These different results may be due to the different conditions such as the thermal history, preparation process and the interfacial force between the polymer matrix and graphene.
Conclusions
The above review shows that polymer/graphene nanocomposites exhibit superior comprehensive performance. They can be applied in many fields of materials and devices, such as conductive materials, electromagnetic shielding materials, photocatalytic materials, supercapacitors, sensors, aerogels and drug carriers [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] . However, the overall study of these materials is still in an embryonic stage. Therefore, research on the theory and applications of these materials is needed. Novel methods need to be found not only for the controllable synthesis and treatment of graphene but also for the preparation of the nanocomposites. It is necessary to find ways to control the morphology and size of graphene in the polymer matrix. In addition, the physics and chemistry of graphene surface, the interaction between graphene and polymers and its influence on the properties of graphene and the performance of polymers should be studied more deeply. All these studies can help us to get a deeper understanding of graphene and its composites.
